Regenerative medicine is expected to be a novel therapeutic system in this century [1][2][3]. The human body consists of 200 cell species generated from immature stem cells. In the 1990s, a treatment transplanting hematopoietic stem cells to replace all blood cells was established and successfully cured leukemia [4]. With this as a model, stem cell transplantation therapy is being developed to restore the partial loss of organ function [5, 6]. The ultimate goal of regenerative medicine is to replace loss or damaged organs with artificial organs, so-called organ replacement therapy. Technical development to produce "tissues" made of a single cell species modeled on skin, bone, heart muscle, and cornea is advancing, but little development of organs per se has been attempted. In the sections that follow, we discuss why and explain how we are trying with the problems of "tooth regeneration".
Organs Generation
Organs consist of multiple cell types assembled in three-dimensions and integrated to express inherent biological functions. However, no technology yet exists that enables us to create and grow organs through the singlecell manipulation. How are these complex organs created?
Organs originate from "organ germs" composed of epithelial and mesenchymal cells, a predetermined number of which are created at a predetermined location by the program in embryonic development (Fig. 1a ) [7] [8] [9] . Cytokines from epithelial cells and cell surface molecules transmit signals to mesenchymal cells to control gene expression (Fig. 1b) . In mesenchymal cells, cytokines and cell surface molecules are produced and induced to epithelial cell gene expressions. The generation of epithelial and mesenchymal cells while controlling reciprocal gene expression is called epithelial-mesenchymal interaction, which occurs when organs being generated (Fig. 1b) , resulting in the control of proliferation, differentiation and movement of cells in space and time, which in the end produces complex organs. In studies targeting tooth regeneration, researches are in progress to artificially produce organ germs for regenerating whole teeth. To develop basic technology to replace organs requires ways to assemble organs from single cells and ways to transplant them [10, 11] . The "tooth" is a good feasibility study model in regenerative medicine because cells are easily obtained and even if extracted from an adult for study in the transplanted model, the process is rarely life-threatening (Fig. 2) .
Tooth Development
The murine tooth starts being generated on embryonic day 10 (the mouse is born after 21 days after fertilization) by the reciprocal interaction of oral mucous epithelial cells and mesenchymal cells in the tooth generation ( Fig. 3) [7-9]. On embryonic day 11, the dental epithelium thickens and collapses into the mesenchymal side to form a dental placode. Ambient mesenchymal cells aggregate at a signal from the dental placode, which extends to wrap around the mesenchyme. On embryonic days 13-15, a "tooth germ" forms, at which time a region of epithelial cells called the enamel knot as a signal center adjusting ambient epithelial and mesenchymal cells to control tooth generation and morphology. From embryonic days 15-18, ameloblasts, which will later produce enamel, are differentiated from the epithelium. Odontoblasts, which will form dentin, dental pulp, and periodontal tissue, comprising cementum, alveolar bone, and the periodontal ligament, are also differentiated from the mesenchyme in this stage. The periodontal ligament is especially important, forming a cushion to resist chewing forces when the tooth is fixed between the cementum and alveolar bone. Blood vessels and nerve fibers penetrate from the apical end into the dental pulp (Fig. 3) .
Based on the tooth germ composed of epithelial and mesenchymal cells, a variety of cells is generated through epithelial-mesenchymal interaction, and the tooth is formed with various cell types and hard tissues arranged three-dimensionally. In the human, two tooth germs grow into primary and permanent teeth, so a new tooth can be grown to replace the old one. In the shark, teeth continue growing throughout its entire life because tooth germs continue to be induced.
Tooth Regeneration Study and Problems
The study of ex vivo tooth-germ culture and observation dates back to murine tooth-germ culture by Glasstone et al. in the 1930s [12] . Studies on tooth-germ assembly from dissociated cells have been in progress for about 40 years, with some reporting progress in development biology, cell biology and tissue engineering. Trials to assemble a tooth germ form dissociated cells have been proceeded by tissue engineering which is seeding dissociated tooth germ-derived cells onto a biodegradable scaffold such as PLA or PLGA [13] [14] [15] [16] , and by method to make cell aggregates using dissociated tooth germ-derived cells [17] [18] [19] [20] [21] . These results are important in showing that the tooth is regenerated by reconstructing the tooth germ from dissociated single cells. However, it Fig. 3 . Schematic diagrams of tooth development. Teeth start to be generated on embryonic day 10. Enamel is formed by ameloblasts, which are differentiated from the epithelium. Odontoblasts, which are form dentin, dental pulp, and periodontal tissue are differentiated from the mesenchyme. A region of epithelial cells called the enamel knot (circles in Fig. 3(a) ) is formed as a signal center to control tooth generation and morphology. E: Embryonic Day.
was observed that a bioengineered tooth germ by tissue engineering methods often formed to an incorrect and incomplete tooth. In cell aggregation methods, a difference in tooth formability ex vivo thus appears to exist based on the species of tooth germ, such as incisor and molar [19] . We aimed thus to develop a method that will be precisely replication of organogenesis by cell aggregation method at higher frequency of the formation of a correct tooth structure, and adaptable for wide variety organ germs.
Bioengineered Organ Germ Approach
To assemble bioengineered organ germs from dissociated cells with the tooth as a model, it is suitable to isolate the dissociated epithelial and mesenchymal cells from a tooth germ and artificially assemble the tooth germ in a replicable way. We thought that the reproduction of the epithelial-mesenchymal interaction in organogenesis is essential, with cell location and density.
We isolated 400-500 µm incisor germs from a 14.5-th day embryo to obtain the dissociated epithelial and mesenchymal cells using enzymatic and surgical processing. A cell pellet obtained by centrifugation is mixed up by micropipette to produce a high-concentration cell suspension of approximately 5 × 10 8 cells/mL. To produce the reconstituted tooth germ, we placed 30 µL of 0.3% type I collagen solution in a silicon-coated culture plate to pre-
